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SUMMARY
This document presents the final project report for design, manufacture, and test of the
Thermally Actuated Gimbal as defined in NASA Contract NAS 5-10329. The gimbal speci-
fied by this contract has been, completed and shipped. This report describes and discusses
pertinent design, manufacture and test data gathered during this project.
T'he gimbal performed quite satisfactorily and generally as expected. This novel, friction-
less, smoothly operating gimbal, requiring no earth supplied power, has characteristics
very, useful for performing many functions in space with high reliability and long life.
Orienting spacecraft payloads, such as cameras and antennas, providing attitude trim for
-	 gravity gradient stabilized vehicles, or with a gravity gradient or other anchor, providing
torque against which flywheels can be unloaded, are some possibilities.
Further consideration and testing of the Thermally Actuated Gimbal is recommended.
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This Contract resulted from the submittal of Unsolicited Proposal N-20897 "Thermally
a
Actuated Gimbal" by the Spacecraft Department, Missile and Space Division of the General
Electric Company.
The Thermally Actuated Gimbal was developed to provide a long life, low cost, highly
reliable means of orienting spacecraft payloads (e.g., antennas), and as an attitude trim
for gravity gradient stabilized vehicles. It provides controlled motion about two axes by
means of bimetallic elements which serve as both the actuation and restraint means.
Notion and torque are generated by heating of the pro) . )er bimetallic elements. High reliability
is achieved, since no bearings, lubrication, seals, n otors, tachometers, flexible leads, or
potentiometers such as are found in conventional gimbals, are required.
A model of the gi ynbal has been designed and constructed at General Electric's Spacecraft
t
Department. This original model has undergone successful bench tests under ambient tempera- 	 E
ture and pressure conditions. Although this original model is underdamped, the damping 	 I
factor of the gimbal built for this contract has been increased to approximately 0. 057 by the
use of eddy current damping. The gimbal has been designed such that changes in ambient
temperature will not produce large rotations since the temperature will act equally on opposing
elements within the gimbal. Similarly, the gimbal has been designed such that temperature
gradients throughout the structure will not produce any major torque or motion.
Under the present Contract, an engineering model of the damper has been constructed from
the sketches used for the original model. These sketches have been modified to accommodate
the dampers. No "issued" drawings have been prepared, although the drawings are of
suitable quality for manufacturing use. Copies of the sketches prepared as part of this program.
and the original sketches as modified will be delivered with this report. A list of power supply {
parts are a part of this report, even though a power supply is not included in this contract.
j	 •]A
After fabrication and assembly was completed, the gimbal was subjected to thermal-vacuum
and other tests. These tests assured staisfaetory operation of the gimbal prior to delivery
and resulted in the identification of various gimbal characteristics which will be very helpful
in the design of future gimbals. In addition the results confirmed the extent to which the
gimbal position is independent of ambient temperature level and gradient;. although not flight
qualified, the gimbal will be suitable for engineering evaluation and demonstration in the
laboratory. The engineering model is not equipped with a caging mechanism, and thus is
not suitable for vibration or high g testing.
Iii order to make the gimbal insensitive to changes in ambient temperature, the bimetal
springs are arranged so that they buck each other which thus produces "thermal" stresses in
the bimetals. To be sure that the springs will not yield due to this stress, the maximum
temperature of the bimetals should be kept below 300 0F. The thermocouples used during the
gimbal tests read considerably under the maximum temperature of the bimetal. The maximum
temperature occurs down in the spiral of the bimetal.
The sketch numbers (SIB-- ) referred to in this report are the manufacturing sketches used
in the fabrication of either the gimbal or the power supply. A reproducible tracing and two
prints of each sketch are included with the copies of this report.
i
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SECTION 2
GIMBAL DESCRIPTION
Figure 2-1 illustrates the gimbal as built and delivered under this contract, The protractor
and thermocouple wires are not part; of the gimbal. The protractor was not delivered. The
thermocouples and wires were, Figure 2-2 shows the gimbal with the outer cover removed.
Figure 2-3 is the final assembly sketch used in constructing the gimbal. The gimbal is
13 1/8 Inches in diameter by 7 3/16 Inches high to the top of the tilting table and weighs 12, 62
pounds. It provides a +25 degree rotation about each of two axes. The upper axis is 3 5/16
inches below the top of the tilting table to which it is attached. The lower axis Is 3 7/8 inches
below the top of the tilting table and is attached to the base of the gimbal.
Figure 2-3 shows the damping arrangement rather clearly, Item 87 in "View A-A is the cop-
per damping disc. The "leader!' from Item 84 points to a damping magnet. The magnets on
each side of the damping disc are arranged with the north pole of one opposite the south pole
of the other. The flux generated between the poles excites eddy currents In the copper damp-
ing disc as It rotates about the gimbal axis (thereby cutting flux lines), The flow of these
currents through the resistance of the damping discs generates heat energy which is radiated
(or conducted) away. Thus, the oscillator energy of the gimbaled members is converted to
thermal energy and dissipated, thereby damping out oscillations of the gimbal. The gap
between the magnet and the damping dish is set at 0.10 inches on the upper axis and 0, 072
inches on the lower axis giving a damping factor of about 0.057 on both axes.
Figure 2-4 is a drawing of the bimetallic spring. Some difficulty was experienced on the
original gimbal due to the weight of the tilting table causing contact between the coils of the
	 F
spring, The material, cross section, and active length of the bimetal are specified the same a
as on the previous gimbal; however, the spring has been formed into an approximate spiral n,
that has more space between the coils. Accommodating the larger outside diameter of the
spiral resulted in the height to the tilting table being 7 3/16 inches, compared to G 7/8 inches
on the original gimbal. Also, the gimbal axes are about 9/16 inches apart. Originally they
intersected. The center of the spiral spring fits ovar the body of a special bolt, permitting
4
Figure 2-1. Thermally Actuated Gimbal
Figure 2-2. Thermally Actuated Gimbal - Cover Removed
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Figure 2-4. Bimetallic Spring
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easy alignment. The spring is restrained from rotating by frictional olamping. Friction is
controlled by a Belleville spring located under the nut which is tighteneu to a specified torque.
Metals and Controls, Inc. , the supplier of the bimetals, assisted us with the development of
this design.
The gimbal is activated by sixteen of the electrically-heated bimetallic spring element; eight
springs are used on each axis. These elements are designed to rotate the axes as the tem-
perature changes. Power to the upper (roll) axis elements is supplied through the lower
(pitch) axis bimetallic springs. The outgoing circuit through these spring elements, tends
to rotate the gimbal in one direction; however, the return circuit tends to rotate it in the
opposite direction. The result is essentially no rotation about the pitch axis, permitting
power to be delivered to the roll axis without the need of flexible leads. A careful examina-
tion of Figure 2-5 will reveal the wiring and disposition of the springs required to obtain this
effect. The feature also provides the necessary compensation for changes in ambient tem-
perature.
The bimetals are symetrically disposed along the axes to compensate for temperature gradi-
ents across the gimbal. The elements on the outer ends of the axes produce rotation in one
direction and those near the center line activate the reverse rotation.
i
8
Figure 2-5. Thermally Actuated Gimbal Electrical Diagram
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SECTION 3
TESTS AND RESULTS
3.1. DESCRIPTION OF EQUIPMENT
The direction of rotation used in the tests are defined s.s follows:
a. Plus pitch is counterclockwise when looking at the lower or pitch axis from the end
nearest the electrical connector.
b. Plus roll is clockwise when looking at the upper or roll axis from the end nearest
the electrical connector.
The thermocouples referred to in this report are located as shown in Figure 3-1. Figure 2-2
shows some of the thermocouples and their wiring. The thermocouples on the bimetals are
approximately one cinch from the hole in the tab on the outside. The temperature of an
operating bimetal in the inner coils is considerably higher than at the thermocouple since
the heat can not radiate readily from the inner coils.
SHROUD	
_ BIMETALS
LEFT SIDE 12 /11
10 19
-C"18
C r32
9
6
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i	 n	 n n i n	 i
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n LOWER OR PITCH
^-	 u 6 u i -Li	 a
 AXIS
4 \7
1 6
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13 20
GIMBAL	 .
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Figure 3-1. Thermocouple Locations
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The thermocouples used are 0.010 inch diameter copper -constantan wire with welded beads.
Thermocouples on the bimetals are electrically insulated by RTV silicone. The silicone is
first coated on the bimetal and the thermocouples are then attached with more RTV. Thermo-
couples not on the bimetals do not have the insulating coat. The thermocouples are wired
with slack to give minimum resistance to rotation of the gimbal.
The protractor shown in Figure 2-1 was used in a number of tests, as shown in the figures
referred to in the test description. The part attached to the gimballed table weighs 0.245
pound and its center of gravity is 1.3 inches above the table.
The timer used in the limited life cycle tests is part of the power supply unit. It produced
the following cycle;
- Roll on	 30 sec.
all power off 55 sec.
+ Pitch on	 30 sec.
	
t	 all power off 55 sec.
+ Roll on
	
35 sec.
all power off 55 sec.
- k' n	 30 sec.
all power off 55 sec.
345 sec. Total cycle
Figures 3-2 and 3-3 show the thermal-vacuum test equipment. On the table at the right side
of Figure 3-2, the clock device is a timer by the Standard Time Co., GE Instrument Control
No. ND-1545. On top of it is a counter used in the limited life cycle test to count cycles. It
was wired into the timer in the power supply unit. The power supply unit is the black panel
to the left on the tabl_ and is described in Section 6 of this report. The meters above the
black power supply were used to measure the power supplied to the gimbal. The first 8 meters
	
i'	 are 0-to 10-amp A. C. ammeters connected to each of the 8 wires leading to the gimbal. The
{ two top meters are 0-to 5-volt A. C. voltmeters. One is connected across the pitch circuit;
the other across the roll circuit. The meter to the left of the power supply is a 0.001-to 	 r^
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Figure 3-3. Temperature Recorder
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r310--volt voltmeter manufactured by Hewlett-Packard, GE Instrument Control No. VE 0315.
It was used in determining the power in the lowest power runs. To the left of this voltmeter
is the vacuum chamber with a 17-inch 1. D. hemispheric bell jar head at the top. The protractor
on the gimbal can be seen through the bell jar. The equipment under the vacuum chamber is the
vacuum diffusion pump and its controls. To the left of the pump is the tank of liquid nitrogen
used in the low temperature tests.
In Figure 3-3, to the left of the liquid nitrogen tank, is the temperature recorder and other
equipment. The unit at the top houses two Model 429-1846 temperature controllers, manu-
factured by Assembly Products Co. , with a range of -300 0
 to +1000F. They control two liquid
nitrogen valves, model No. 826213LT by ASCO. This equipment, using a thermocouple sensor,
automatically controls the temperature of the two halves of the shroud around the gimbal in the
vacuum & unber. The next two units below are temperature recorders attached to the 20
thermocouples on the gimbal. The upper instrument has a range of -350 -0- + 150 0F and is
built by Honeywell, GE Instrument Control No. LA-0386. This recorder was used in the low
temperature tests. The next down has a range 0 to +3000F and is General Electric Co., GE
Instrument Control No. ND0706. Below the recorders are two power supply units for the
shroud. The upper one, has a range of 0-50 VDC at 15 amps built by Deltron, GE Instrument
Control No. O C-015 r, and was connected to the right side of the shroud. The lowest unit,
built by Mid-Eastern, GE Instrument Control No. OC-0508, has a range 0-60 VDC at 15 ammps.
This unit powers the left side of the shroud.
Figure 3-4 shows the vacuum chamber wall and the right half of the shroud removed. The
aluminum foil insulation used between the shroud and the wall of the vacuum chamber is also
removed. The gimbal is shown seated on reinforced plastic plates separated by rods of the
same material to insulate it from the base of the vacuum chamber. The liquid nitrogen coil
is shown on the left half of the shroud, which is a 1/8 inch thick copper plate. The electric
heaters are shown between the coils. There are seven heater sections on each half of the shroud,
each rated at 50 watts at 28 VDC. The maximum power used was 4.3 amps at 10 volts on each
shroud half.
14
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Figure 3-4. Vacuum Chamber Shroud
3.2 SPRING TESTS
The following tests were made on each of the 24 bimetallic springs ordered for the gimbal.
The gimbal uses 16 springs. The rest are spares. The Purpose of the tests is to determine
ho-,% • much variation can be expected in the springs, and how much confidence can be placed h.
calculations to ascertain the properties of the springs. The information can be used in
determining the capabilities of the present gimbal or in designing another gimbal. A copy of
the drawing; from which the springs were ordered is shown as Figure 2-4.
3.2.1 RESISTANCE TESTS
The electrical resistance of the springs attached to their brackets was measured by a Leeds
& Northrup Wheatstone bridge. The setup is shown in Figure 3-5. The resistance varied from
0. 102 ohm to 0. 127 ohm, averaging; 0. 110 ohm.
r
15
Figure 3-5. Resistance Test Setup
The catalogue "Designers Guide to Truflex Thermostat Metals" by Metals and Controls Inc.,
Attleboro, Massachussetts, from whom the springs were bought, gives the following formula
for relating resistance and resistivitN.
R = 12 x 106 r  t0.7854L r
where
R = resistivity of thermostat metal in ohms per circular mill foot = 950 for the S 159
type bimetal in the spring.
r = resistance in ohms
w = width in inches
t = thickness in inches
L = length in inches.
16
Substituting w	 0, 25, t	 0. 040, L
	 15. 6 from the drawing, F16rure 2-1
r n 0, 0063 ohms
Substitutingw = 0. 2508 0 t	 0. 041o, the average measured values, and L	 1.1"3.3 P^
r
	
0. 0924 ohm
Some of the excessive actual resistance over calculated resistance may be attributed to
resistance of the bracket and contact resistance between the bracket and the spring.
3. 2, 2 DIMENSIONAL C TIE, C KS
The spring material Is specified 0. 040 inch thick on the drawing. 	 its average measured
thickness is 0. 041.6 inch, varylug from a maximum of 0. 0426 to a minimum of 0. 0406 inch.
The width is specified 0.250 inch on the drawing.	 Its average measurement is 0. 2508, varying
from a maximum of 0.2539 to a minimum of 0. 2490 Inch.
The maximum width of the spring coil was measured to determine how close it came to "t
flat plane.	 The maximum width is 0.266 Inch, the minimum 0.253 inch, and the average
0.258 inch.	 The average amount out of plane is 0.258 - 0.2508	 0.007 inch.
3.2.3 TORSIONAL TEST
The torsional characteristics of the springs with their ends secured as in the gimbal were
measured as shown in Figure 3-6.	 The results are plotted in Figure 3-7.	 The calculated
lines shown on Figure 3-7 were figured by the formula from "Designers Guide to Truflex
Thermostat Metals.
0.0232E A w t
3
P
L r
P = force in ounces at radius r (in.) from center of spiral
A = angle of rotation - degrees
w	 width of bimetal stock-in.
t	 thickness of bimetal stock-in. It
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Figure 3-6. Spring Torque Test Setup
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Figure 3-7. Spring Torque Test Results
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f
L = active length of bimetal = 15.5 in.
L = modulus of elasticity = 21 x 10
-6
 for S159 material. (lbs/in, 2)
Rearranging
Pr	 0.0232 E w t3	in. -oz.
^'	
= spring constantA	 L	 de  
Substituting drawing dimensions
w = 0. 25, t = 0.040, L = 15.5
PrA = 0.503 in. -oz/deg
Substituting averaged measured dimensions
w = 0. 2508, t	 0.0416
PrA = 0.567 in. -oz/deg
3.2.4 RADIAL FORCE TEST
The radial force-deflection characteristics of the springs were measured as shown in Figure
3-8. The shoulder bolt through the spring is held in the bench vice. The force gage was
hand-held and applied the force against the end tali. of the spring, radial to the spiral. The
deflection of the first half coil was not measured by the dial gage, as can be seen from the
figure. The 0. 05 pound, approximately consts.n^, force of the dial gage was subtracted from
the force gage readings. The results are plotted in Figure 3 -9.
The spring constant was calculated by a formula derived from an expression for a U -shaped
curved bar in strength of materials, Volume IT., by Timoshenko. The expression is:
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Figure 3-8. Radial Force Test Setup
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Figure 3-5. Radial and Axial Force Test Results
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The derived formula is a/P ='7r/2)'R3/F.I.) a/P is the spring constant, in. /lb, for a half
coil. R is the mean radius of the half coil, E is the modulus of elasticity - taken as 21, 000, 000,
I is the moment of inertia of the section, (inch 4). Using the average measured thickness of the
section, 0.0416 inch, and the average width, 0. 2508 inch, scaling the mean radius, R, of
each effective half coil on a typical spring, and adding the contribution of each half coil, the
total spring constant is -0.0504 in/lb. This happens to fall on the same line as the average of
1	 the experimental results as shown on Figure 3-9.
3.2.5 AXIAL FORCE TEST
The axial force - deflection characteristics of the springs were measured as shown in Figure
3-10. The tab on the spring is held in the bench vice. The load is applied against the head of
the shoulder bolt iss+ the spring by the force gage, which is hand held. The 0.05 lb, approxi-
mately constant, force of the dial gage was subtracted from the force gage readings. The
results are plotted in Figure 3-9.
F
Figure 3-10. Axial Force Test Setup
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The axial spring constant was calculated using the formula for a rectangular section helical
spring in the "Handbook of Mechanical Spring Design" by the Associated Spring Corporation
of Bristol, Connecticut. The formula is;
PND3
K2Gbh3
D = Mean diameter of spring (in.)
F = Deflection (in.)
N = Number of active coils
G = Torsional modulus (lbs/in. 2)
P = Load (lb)
b = Width - or larger dimension of section (in.)
h = Thickness - smaller dimension of section (in.)
K2= Constant that varies with b/h.
Rearran in F	 ND3g' g P =
	
	 3 = spring constant in. /lb.
K2Gbh
D of successive coils .;gas taken as the average measurement of several typical springs. The
F/P of each individual coil was calculated and added to give a total. Therefore N = 1,
K2
 = 0.381 from table of the aforementioned handbook. G is calculated by the expression
G = F/12 (1+g)] . Where E is 21, 000, 000 for the S 159 type bimetal and Poision's ratio p is
assumed to be 03; then G 8 2 100, 000. The average measured width b = 0. 2508 inch. The
average measured thickness h = 0. 0416 inch. The total F/P for all effective coils is 0. 0903
in. /lb. This line is plotted in Figure 3-9.
3.2.6 ANGLE VERSUS TEMPERATURE TEST
One spring (marked No. 13) was tested for its angular response to temperature. Figure 3-11
shows the test setup. The protractor boss and the bolt head holding the spring were of the same
diameter as the shoulder on the bolt used in the gimbal and the spring-bracket boss. Therefore,
the spring was held in the same manner as in, the gimbal. The spring on the protractor was
G
F
set to zero at room temperature. It was placed in an oven and heated in steps to +3000F
and cooled to -140 0F. The temperatures were read on the oven thermometer. The spring
and protracter were then immersed in liquid nitorgen to get the -320 0F reading. The
results are plotted on Figure 3-12.
67 F (T2-TI)L
The slope of the "calculated" line on Figure 3-12 was obtained by the formula A t
from the "Designers Guide to Truflex Thermostat Metals, " Metals & Controls Inc.,
Attleboro, Massachussets. It was rearranged to
A	 67 FL
T2 - T I 	t
A = angular rotation (degrees)
(T2-T1) = temperature change ( F)
F = Flexivity value = 95 x 10 7
 in 50 to 2000  temperature range for the S 159 bimetal
L = active length (in.) = 15. 5 in.
t = thickness (in.) = 0. 0411 in. measured (spring No. 13, typical)
The result is A/(T 2 -T1) = 0.24 deg angle/deg F
3.3 PERIOD OF OSCILLATION TES T
The period of oscillation of the completed gimbal was measured about each axis. Figure 3-13
shows the gimbal ready for the period of oscillation test. The pointer shown on the gimbal
is an 1/8-inch-diameter aluminum rod fitted into an 1/8-inch-thick plastic disc. These parts
are quite light and are considered to have a negligible effect upon the period of oscillation.
The test was conducted by forcing the gimbal over about 20 degrees around one axis and
suddenly releasing. The time for nine oscillations was measured and divided by nine to give
the period of oscillation.
The period of oscillation about the upper axis is 0.47 second. The upper axis is the one for
which the springs are attached to the upper plate (the gimbaled table) . The period of
oscillation about the lower axis is 1.02 seconds.
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Figure 3-11. Angle Versus Temperature Test Setup
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Figure 3-12. Angle Versus Temperature Test Results
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3.4 DAMPING TESTS
The effectiveness of the damper was tested by measuring the angular decrement of successive
oscillations about each axis. The setup shown in Figure 3-13 was used for this test. The
gimbal was deflected 20 degrees by hand and suddenly released. The angular displacement
was noted at successive swings. The resulting data are plotted on a semi-log grid in
Figure 3-14. The data were averaged by drawing a straight line through the plot. The
damping factor was calculated by the formula on the figure, and the results noted on the lines.
The gap between the magnetic and damping discs on both axes was initially set at 0.100 inch.
The gap on the lower axis was subsequently changed to 0.072 inch to bring the damping factor
above the goal of 0.05 set in General Electric Company's proposal MSD No. N20897, "Proposal
for a Thermally Actuated Gimbal, 11 which forms a part of this contract. The final damping
factors are 0.057 on the lower axis (the axis with springs attached to the base of the gimbal)
and 0.058 on the upper axis.
3.5 TORQUE VERSUS ROTATION TESTS
The torque versus rotation tests were made with the setup shown in Figure 3-13, except that
weights were attached to the gimbaled table with double-backed pressure-sensitive tape. The
weights were set at a moment arm of 3-1/2 inches off center. Dte to the height of the center
of gravity of the weights above the axis, the moment arm changed with rotation. This change
was considered so that the final data represent the true external moment applied to the gimbal.
Tests were made about the upper and lower axes. The lower axis is defined as the one with
springs attached to the base of the gimbal.
The data are plotted in Figure 3-15. A line is also plotted for 8 times the average torque of
one spring. The difference between the lines is primarily due to the gravity torque of the
gimbaled table. In a zero g field the 8 x average for one spring would closely apply for both
axes.
3.6 THERMAL LAG IN AIR
	 Y
Figure 3-16 shows the setup for the thermal lag in air test. The test procedure was to deflect
the gimbal 20 degrees from its mill, about the axis, and in the direction, being tested, by
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Figure 3-13. Gimbal for Period of Oscillation and Damping Tests
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Figure 3-14. Damping Test Results
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Figure 3--15. Torque Versus Rotation Test Results
energizing the gimbal. The position of the other axis is also recorded. When the position is
stable, the power is cut. As the bimetals cool and the table .returns towards null, the angle
about each axis, the temperature of the active bimetals, and time is periodically read.
Figures 3-17, 3-18, 3-19 and 3-20 record the results about each axis in each direction. After
an overnight rest with no power, both axes return to within 1/4 degree of the initial null
position. The time constant was read off the curve for a 63 percent decrease from the initial
angle and noted on the curve. Due to a loose connection, this temperature readings for plus
and minus roll and plus pitch are believed to be erroneous and are not plotted. There was no
measured motion about the pitch axis during the roll tests. During the +pitch test the gimbal
moved one degree about the roll axis. During the -pitch test the gimbal moved half a degree
about the roll axis, as plotted in Figure 3-17.
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Figure 3-20. Thermal Lag in Air, + Troll Results
3.7 THERMAL LAG IN VACUUM
Figure 3-2 shows. the setup for the thermal lag in vacuum test. The setup is the same
as for the test in air, except that the vacuum chamber is pumped down to about 5 x 10-5
rnxn lig. The test was run at room temperature. The procedure was to deflect the gimbal
to the extreme range from null, about the axis, and in the direction being tested, by energizing
the gimbal. The angle versus power and the angle versus time tests were made during the
heatup phase and the thermal lag during cooldown. The test plotted was for the return after
a power input of 2. 08 watts in + roll and 1.28 watts in + pitch to bring the table to its initial.
angle. The.bimetal temperatures and angle were very nearly stable at these powers. At
higher power levels, when the gimbal reached the initial angle, the bimetal temperature (as
indicated by the thermocouples) was higher, and the temperature and angle were on a rising
gradient. This seeming discrepancy of bimetals at about the same angle being at different
temperatures is believed to result from the location of the thermocouple which does not
record the average bimetal temperature, (which determined the angle). The table ankle decay
curves are similar within the accuracy of the test, for each of the several tests initiated
30
at different power levels. Tests were made from a deflection in + pitch and + roll at an
ambient temperature of 800x+'.
Figur^:s 3 -21: and 3-22 are plots of the resulting dai-a. The gimbal could only be deflected 18
degrees in + pitch from its null because the null was 3.6 degrees off center and the protractor
`.	 hit the vacuum ch g a-nber. As the table came back from the deflection in +roll, it also turned
about the pitch axis about 1/2 degree in the + pitch direction. As the table came back from the
deflection in + pitch, it also turned about the roll axis about 3/4 degree in the - roll direction..
3.8 ANGLE VERSUS TIME IN AIR
Gimbal angle versus time tests at a given power in air were made with the setup shown in
Figure 3-16. Tests were made in the + roll and + pitch directions. The results are plotted
in figure 3-23. The temperatures of the two activating bimetals were averaged and plotted
for both directions and for all power levels except 1.3 watts in the +pitch direction and 2.0
watts in the + roll direction. The temperatures of the two bimetals were never more than 60F
apart. Only one angular data point was taken for the 1.3 watt, + pitch condition. Additional
plotting inforwRtion, for that and the other curves, was obtained from the angle to which the
curve had leveled off after 30 minutes.
3.9 ANGLE VERSUS TIME IN VACUUM
Gimbal angle versus time tests at a given power, in vacuum were made with the setup shown
in Figure 3-2. Tests were made in the + pitch and + roll directions. The + pitch results are
plotted on Figure 3-24, and the + roll results on Figure 3 -25. For all but the lowest power
run the temperatures of the two activating bimetals were averaged and plotted. The maximum
difference between the two in the + roll direction was 11 OF and in the + pitch direction it was
+20F. On the + roll curve sheet the average temperatures of thermocouples No. 1 and 2 were
also plotted, giving the temperature of bimetals on the pitch axis carrying current through
	
1 js
to the roll axie. The maximum difference between the readings of the two thermocouples was
60F.
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Figure 3-21. Thermal Lag in Vacuum, + Pitch Results
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3. 10 ANGLE VERSUS POWER
Figure 3--16 shows the set-up used to make the test for angle versus power in air. Figure
3-26 is a plot of the results. The tests were made in still air at room temperature. The
whole gimbal was allowed to reach equilibrium at room temperature before the test in each
direction about each axis was started. The angular displacement from this equilibrium null
was plotted.
Figure 3-2 shows the setup used to test for angle versus power in. vacuum. On Figure 3-25
the curve for angle at 1.25 watts shows the one good point obtained for this condition. It shows
22.5 degrees for 1.25 watts in + roll. With the equipment then available, lower po-her levels
could not be measured accurately. Later, when better meters were obtained, the runs for
0.6 watts in + roll and 0.53 watts in + pitch were made and plotted on Figure 3-24 and 3-25.
Unfortunately, they were not run long enough to obtain the terminal angle resulting from the
power input. The curve for the angle at 1.27 watts on Figure 3-24 might be extrapolated to
about 19 degrees + pitch. The protractor contacted the wall of the vacuum chamber at
180 , terminating the angular travel.
3.11 ANGLE VERSUS TEMPERATURE LEVEL
The setup for this test was as shown in Figure 3-27. It was the same as Figure 3-2 except
that aluminum foil insulation was placed over the vacuum chamber to cut down radiant heat
exchange.
The temperature of the shroud was lowered to -320 OF by running liquid nitrogen through the
cooling coils. The temperature of the thermocouples on the gimbal stabilized at between
-200F and +5 0F. The angle about the pitch axis changed approximately 0.5 degree in the
pitch direction. The angle about the roll axis changed approximately 0. 25 degree in the + roll
direction. The vacuum was about 1.6 x 10 -5 mm of Hg. When the chamber was allowed to
return to room temperature the angles returned to the initial position.
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Figure 3-27. Setup for Angle Versus Temperature Level Test
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The temperature of the shroud was then raised by electric heaters to 227 0P. The therms..
:4ouples on the gimbal stabilized at between +155 OF and -X172 0E- The angle about the pitch
axis changed approximately 0.5 degree in the + pitch direction. The angle about the roll axis
changed approximately 0. 25 degree in the + roll direction.
I	
It is possible that the protractor was not read. to 1/4 degree accuracy, which may account for
the roll angle going up 0.25 degree in roll for both increasing and decreasing temperature.
In piwh, the total change, from an average of -7 0 to +169 F, or 176 0F total, was approximately
1 degree-angle.
3.12 ANGLE VERSUS TEMPERATURE GRADIENT
W.
A temperature gradient across the gimbal was obtained by electrically heating the right half
of the shroud. At a heating power of 41 watts the shroud half reached a temperature of 2270F.
The maximum gradient obtained gave the following thermcouple readings;
Thermocouple No. 	 4	 8	 12 16
Temperature, OF	 51	 60	 49 62
This is an average gradient of about 11 0F. During the test the angles changed about 0.5 degree
in the - pitch direction and 0.25 degree in the + roll direction. The test was made with the
setup shown in Figure 3-2, in a vacuum of approximately 2 x 10 -5 mm of Hg.
3.13 LIMITED LIFE CYCLE
The limited life cycle test was run with the setup shown in Figure 3-2. The timer on the
power supply unit was used in this test. The timer cycle is described in Section 6. The test
was run at approximately room temperature at a vacuum of about 5 x 10 -5 mm of Hg. It was
run on a 24-hour basis for nine days, for a total of 2227 cycles. At the end of the test the
null position of the gimbal was the same as at the start, indicating no appreciable creep or
permanent yielding of the bimetals. The more significant data is tabulated below. The total
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angle Is from the maximum position in + roll (or pitch) to the maximum In - roll (or pitch).
The hottest thermocouple was always on the activating bimetal. The maxim-am temperature of
of the bimetal Is on the Inner coils and is higher than that read by the thermocouple,
Cycle
No.
Power iwatts) Angle (deg) Hottest
Thermocouple (OF)Roll Pitch Pitch Roll
0 to 183 2.08 2.64 1 1 101
183 to 464 6.21 6.47 2 3 124
464 to 1632 10.0 10.0 4 6 156
1632 to 2149 15.1 14.5 6 8 184
2149 to 2227 19.7 20.1 1	 8 10 210
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SEOTION 4
DISCUSSION
No great difficulty was experienced in building the gimbal, however, it might be noted that
out-of-tolerance thielmess of bimetal material has a potential for trouble. The torque
produced by the bimetal for a given change in temperature Is dependent on the third power of
the thicImess. Therefore, a small change in thiolmess can produce a relatively large change
in torque. Another area where caution Is advised is in designing the bimetal spiral for
radial loads. The deflection of a coil Is dependent on the third power of the radius, Increasing
the clearance between coils to prevent contact may be deceptive. The deflection should be re-
calculated on the increased radius.
Some disappointment was experienced In testing in that a lower temperature was not obtained
on the gimbal. Although the shroud went down to - 520°F, the gimbal averaged about -;0F.
It is believed this temperature could be greatly lowered by using conductive heat transfer
instead of radiation. The gimbal might be set on a plate cooled by liquid nitrogen. Similarly,
the temperature gradient was not as great as expected. This too could be increased by
cooling and/or heating the sides of the gimbal conductively.
The dampers on -the gimbal were quite effective In steadying it during test. An indication of
the damping is that the protractors on the gimbal were steady and could easily be read even
when the adjacent vacuum pump was running.
The difference in cooling rates 0 air and vacuum was quite large. The time constant in
vacuum is about three times that in air. This required more sensitive meters than initially
provided for measuring power in the angle versus power test. There meters are now
available and more tests could readily be run.
Other tests that might be run in the future and give useful data are thermal lag tests at
high and low temperatures, torque versus power tests, angle versus power at elevattA and low
temperatures, and tests to determine if there is any limit to pointing accuracy.
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in g-;meral, all the date, from the tests that was considered relevant is given in this report.
lowever, considerably more data was taken and is available if needed. This is particularly
true of temperatures. A reading from each of the 24 thermocouples on the gimbal was taken
every two minutes by automatic recording, during each of the thermal vacuum tests.
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4SECTION 5
MANUFACTURING SKETCHES
Sketches SK-56146--220-49, Sheets 1 through 5, SK-56161-853, and SK-56161-856
through SK-56161-860 were used in fabricating the gimbal. Some of the sketches were
made specifically for this contract, others were previously drawn. Some of these were
	 !'
altered to manufacture the gimbal delivered under this contract.
One reproducible tracing and two prints of each of these sketches are included with the
copies of this report.
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SECTION 6
POWER SUPPLY
A power supply was not included in this contract, however, the following information
relative to the power supply used in testing the gimbal might be useful;
The power supply for the Thermally Actuated Gimbal permits operation of the gimbal
from 60 cps, 115-volt grounded, single-phase circuits. The power supply permits inde-
pendent manual positioning of the gimbal about each axis by means of timer control ill the
power supply. The exterior of the assembled power supply is shown in Figure 6-1, and
Figure 6-2 shows the interior of the power supply. SK-56146-220-49, Sheets 6, 7, and 8,
show mechanical details for the assembly of the power supple: SK- 5561 ,16 220-49. Sheet 9,
is a circuit diagram of the power supply and also shows the manner in which the connections
are made between the gimbal and the power supply. Table 6-1 is a parts list referencing
the circuit element shown on SK 56146-220-49 Sheet 9.
One reproducible tracing and two prints each of SK-56146-220-49 Sheets 6 through 5 are
included with the copies of this report.
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Figure 6-1. Exterior View of Power Supply
Figure 6-2. Interior View of Power Supply
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Table 6-1, Pants List*
J/
^I
Ael No.
613x32
10-194628-84P
RCT 100
It,
 em	 No. Reryuired	 Description	 Vendor
Al to A8	 8	 0 to 20 Amp Ammeter
	
General Electric
2 1/2" Square A. C. Panes.
Meter
J1	 1	 9 Pin Connector
	
Bendix
M1	 1	 Repeat Cycle Timer
	 Vocaline
4 Switch Unit
Each Switch 20 Amps
Motor Speed 1 Rev/Hr.
Motor 115V 60 cps
Alternate M1 1 Alternate Motor for Bristol A47 f
Above 153W nC
{ 115V 60 cps 1/6 RPM
S1 to S6 6 Switch Cutler Hammer 8820
,Double Throw, Double Pole
with Off-Center Position
for 115V 10 Amp
T1 to T4 4 Variable Transformer General Electric 9II30AA10X
Primary 120V 60 cps
Secondary 0 to 120V 2A
T5 to T12 8 Transformer Stancor P6432
Primary 115V 60 cps
Secondary 5V CT Q' A
1 Cabinet Bud CR1742B
14 3/4" x 22" x 14 1/16"
1 Chassis Bud CB640
10' y x 17" x 4"
2 Cabinet Handles Bud H9131
* REFERENCE: SK 56146-220-49 SHT. 9 r.
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SECTION 7
MATERIAL DELIVERED UNDER THIS CONTRACT
The following material is being delivered under this contract:
1. First Quarterly Report for Thermally Actuated Gimbal, GT E: Doclainent 67 SD 4298,
^r	 dated 26 May 1.x67: 10 copies plus the required glossy prints and reproducible copy,
This was mailed at the end of May, 1067.
2. This Type ]II Final Project Report: 10 copies plus the required glossy prints and
reproducible copy.
3. One Gimbal Assembly, complete,
4. One Electrical Plug, Bendix No. 10-194628-84S from Bendix Corp., 5eintill.1 Mv. .
Sidney, N.Y. to mate with receptacle on gimbal, for possible use on a pok%-( • supple
for the gimbal.
5. Sketches used to fabricate the gimbal. One reproducible tracing and two prints
each of:-
a. SK-56146-220-49 Sheet 1
b. SK-56146-220-49 Sheet 2
c. SK-56146-220-49 Sheet 3
d. SK-56146-220-49 Sheet 4
c.,. SK-56146-220-49 Sheet 5
f. SK-56161-853
g. SK-56161-856
h, SK-56161-857
i. SK-56161-858
j. SK-56161-859
k. SK-56161-860
6. Sketches used to fabricate the Power Supply. One reproducible tracing and two
prints each of SK-56146-220-49 Sheet 6 through 9.
d	 .ca&::	 .raw+---f.
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iSECTION 8
CONCLUSIONS AND RECOMMENDATIONS
The Thermally Actuated Gimbal design was altered to include an eddy current damper on
each axis, The damping factor achieved, about 0.057, exceeded the goal of 0.0 5, Other
slight changes were made to improve the design and facilitate fabrication, The gimbal was
built without difficulty, tested, and shipped,
The tests for changes in ambient temperature showed a maximum change in mglc of only i
degree. This resulted from changing the ambient temperature (temperature of the surro«nd-
ing shroud) from -3200F to +227 0F, giving a change of 1760F on the gimbal itself. In the
gradient tests, cone half of the shroud was heated to 227 0E and the maximum y radient across
the gimbal was ;il F. The maximum change in angle was 0.5 degree.
i
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The thermal lag tests showed that the rate of change of angle during cooling was three times
as great in air as in a vacuum. This indicates the importance of vacuum testing to determine
the dynamic response in space. These new test results should be factoredored into the design
for operation in space. The limited life cycle test showed no appreciable yielding in the bi-
metals after 2200 total cycles, It also showed that for the cycle used in testing, 20 watts!i
could be used without overheating the bimetals.
The gimbal performed quite satisfactorily and within the area of expectations in all respects.
It is recommended that the gimbal and the test results be factored into studies requiring such
characteristics as frictionless, smooth rotation, no earth supplied power, simple closed loop
control, high reliability, long life, and freedom from lubrication, bearing and "cold welding"
problems. These characteristics have advantages for such uses as orienting spacecraft
payloads (cameras, antennas, etc. ), providing attitude trim for gravity gradient stabilized
vehicles, or with a gravity gradient, or other, anchor, providing torque against which fly-
wheels can be unloaded.
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It is recommended that the testing of the gimbal be continued to determine additional general
and specific characteristics, and that such test hardware as required be designed and built,
It is further recommended that advanced designs, or alterations to the present design, be
pursued to demonstrate special, gimbal characteristics or design features sucil as caging to
survive launch conditions.
